ABSTRACT: DANSSino is a simplified pilot version of a solid-state detector of reactor antineutrino (it is being created within the DANSS project and will be installed close to an industrial nuclear power reactor). Numerous tests performed under a 3 GW th reactor of the Kalinin NPP at a distance of 11 m from the core demonstrate operability of the chosen design and reveal the main sources of the background. In spite of its small size (20 × 20 × 100 cm 3 ), the pilot detector turned out to be quite sensitive to reactor neutrinos, detecting about 70 IBD events per day with the signal-tobackground ratio about unity.
Introduction
The DANSS project [1, 2, 3] proposes to create a relatively compact neutrino spectrometer which does not contain any flammable or other dangerous liquids and may therefore be located very close to a core of an industrial power reactor (Fig. 1 ). Due to a high neutrino flux (∼ 5 × 10 13ν e /cm 2 /s at a distance of 11 m) it could be used for the reactor monitoring and for fundamental research including neutrino oscillation studies. The DANSS detector will consist of highly segmented plastic scintillator with a total volume of 1 m 3 , surrounded with a composite shield of lead, copper and borated polyethylene, and vetoed against cosmic muons with a number of external scintillator plates. The basic element of DANSS is a polystyrene-based extruded scintillator strip (1 × 4 × 100 cm 3 ) with a thin Gd-containing surface coating which is a light reflector and an (n, γ)-converter simultaneously. The coating (about 0.1-0.2 mm) is produced by co-extrusion and consists of polystyrene with 18% admixture of TiO 2 and 6% of Gd 2 O 3 , so that final Gd density is about 1.6 mg/cm 2 ∼ 0.35% wt . Light collection from the strip is done via three wavelength-shifting Kuraray fibers Y-11, ∅ 1.2 mm, glued into grooves along all the strip. An opposite (blend) end of each fiber is polished and covered with a mirror paint, which decreases a total lengthwise attenuation of a light signal down to ∼5 %/m.
Each 50 parallel strips are combined into a module, so that the whole detector (2500 strips) is a structure of 50 intercrossing modules (Fig. 2) . Each module is viewed by a compact photomultiplier tube (Hamamatsu R7600U-200) coupled to all 50 strips of the module via 100 WLS fibers, two per a strip. In addition, to get more precise energy and space pattern of an event, each strip is equipped with an individual multipixel photosensor (SiPM) operating in the Geiger mode and coupled to the third WLS fiber.
In order to check operability of the DANSS design, compare different acquisition schemes, and measure the real background conditions, a simplified pilot version of the detector (DANSSino) was created. Below we present the DANSSino description and some results of numerous tests performed at the JINR laboratory and under the KNPP reactor.
The DANSSino design
DANSSino consists of exactly the same basic elements as the main DANSS detector. One hundred strips of DANSSino (Fig. 3) form a 20 × 20 × 100 cm 3 bar divided into two modules: the odd layers are coupled to the X-PMT and the even ones to the Y-PMT. Together with an additional neutron counter 1 both modules are equipped with simple front-end preamplifiers and placed into a light-tight box. Information from the individual photodiodes of each strip is not used in this prototype. To perform energy calibration, a teflon tube is placed inside the bundle of strips, so that a tiny radioactive source can be inserted in the detector with a thin flexible string. For this purpose several gamma and neutron sources with activity of few Bq were produced: 137 Cs, 60 Co, 22 Na, 248 Cm. To suppress external background caused by gamma-rays and thermal neutrons the detector is surrounded with a passive shield. As it is rather compact, the composition of the shielding can be easily changed. Four big scintillator plates (200 × 50 × 3 cm 3 ) similar to that employed in the GERDA experiment [4] The Inverse Beta-Decay (IBD) of hydrogen atoms in the detector body is used to detect the reactor antineutrino:
The detection process proceeds in two steps: the first one applies to the positron and the second to the neutron. The energy threshold of the IBD reaction is 1.8 MeV, while most of the remaining neutrino energy is transferred to the positron. The positron deposits its energy within a short range of few cm and then annihilates emitting two 511 keV photons at 180 • . As a result, the first (Prompt) energy deposit is distributed in space in a very specific way. The second (Delayed) step is the detection of the neutron. Initial energy of the neutron is only few keV. After moderation in the plastic scintillator it is captured by 157 Gd or 155 Gd with a very high cross-section. In both cases a cascade of γ-rays is emitted with the total energy of about 8 MeV. Because of high multiplicity and deep penetration in plastic these γ-rays produce a flash which is spread widely within a sphere with a diameter of about 30-40 cm, so that a number of strips in both X and Y modules are usually fired. Distribution of time between the Prompt and Delayed signals depends on the detector structure and is described by a combination of two exponents with the characteristic times τ m and τ c that correspond to the neutron moderation and capture respectively.
Simple acquisition system allows discrimination of events consisting of (Prompt + Delayed) signal pairs. The energy of both Prompt and Delayed signals (E P and E D ) detected by both X and Y modules are measured separately with two 2-fold QDCs. Finally, each collected event contains 4 energies (E XP , E Y P , E XD , E Y D ), time between the P and D pulses (T PD ), and information about the muon veto (which of the veto plates were fired and when).
Measurements

Above-ground tests at the JINR laboratory
Numerous tests with the DANSSino detector were performed at the ground floor of the JINR laboratory building (Dubna). Measurements with 137 Cs, 22 Na, and 60 Co γ-sources compared with the MC simulations were used to calibrate the energy scale and to set the lower energy thresholds of the discriminators. As the light collection from a long strip is far from being perfect, the number of photoelectrons (p.e.) produced at the PMT photocathode is relatively small. Therefore, the energy resolution of the spectrometer is determined mainly by the Poisson dispersion of this number and depends on the energy deposit in the scintillator which corresponds to a single photoelectron ε pe . In order to estimate it, single-photoelectron noise peaks were measured with both X and Y modules. As a result, ε pe was found to be about 100 keV/p.e.
The next important parameter of the spectrometer is its selective sensitivity to neutrons. The 248 Cm neutron source provides signals with a signature very similar to the neutrino-like events.
Indeed, the Delayed signal is caused by the same 157,155 Gd(n, γ) reaction, whereas the Prompt signal corresponds either to the (n-p) scattering of the initial fast neutron on hydrogen in the plastic detector or to the prompt γ-rays following the 248 Cm fission. Therefore, the shape of the Delayed energy spectrum (Fig. 4) is exactly the same as expected for the IBD process whereas the Prompt spectrum is somewhat different. The T PD time distribution is also very similar to the IBD. The difference is due to much higher neutron multiplicity (k≃3), so that it is described by a more complicated function, which reflects the fact that only the first of k neutrons can be detected in our case. Analysis of the 248 Cm data shown in Fig. 4 with k=3 gives the following values for the neutron moderation and capture specific times:
τ m ≃ 3 ± 1 µs τ c ≃ 24 ± 1 µs (3.1)
Measurement without radioactive sources shows that in addition to γ-rays, muons and thermal neutrons, the laboratory natural background contains a significant number of neutrino-like events (≃ 300 per hour) consisting of both Prompt and Delayed signals -(P+D)-pairs. The E D energy spectrum and T PD time distribution of those events are of the same shape as in the 248 Cm case. It is natural to assume that the events are caused by fast neutrons which could not be rejected even with 16 cm of borated polyethylene. Indeed, it is known [5, 6] that the high-energy hadronic component of the cosmic background at sea level could be as high as 10 2 /m 2 /s depending on the energy and the site, and a low-Z shielding equivalent to at least 20 meters of water (20 m w. e.) is needed to suppress it.
Tests under the KNPP industrial reactor
After the laboratory tests the DANSSino detector was transported to the Kalinin Nuclear Power Plant (Udomlya, 285 km NW of Dubna) and installed in a service room under Unit#3 at a distance of 11 m from the core center (Fig. 1 ). Unit#3 includes a typical Russian industrial water-moderated water-cooled power reactor WWER-1000 of thermal power 3 GW. Huge water reservoirs with technological liquids, thick walls of heavy concrete, the reactor body and equipment placed above the room provide excellent shielding (≃50 m w. e.) which completely removes cosmic fast neutrons. The muon component is suppressed by a factor of ≃6. The gamma background at the detector site is slightly higher than at the JINR laboratory, mainly because of high 40 K contamination of the surrounding concrete. Thermal and epithermal reactor neutrons penetrate the room through the monitoring tubes and increase the average background as well. Fortunately, the flux of those neutrons measured with the external four-fold 3 He gas-based neutron detector turned out to be not too high and could be suppressed with ∼10 cm of borated polyethylene (CHB); in addition, slow neutrons cannot emulate the IBD process because of their small energy. The results of some background measurements performed at the JINR laboratory and under the operating KNPP reactor with and without the same shielding are presented 2 in Table 1 . From the single count rates of both X and Y modules it is seen that although the initial background conditions under the reactor are worse, a relatively thin passive shielding improves it significantly and makes even 3 times better than in the laboratory. The next two rows represent mainly the flux of thermal neutrons and cosmic muons, respectively (the neutrons produce X∧Y coincidences with the total energy between the threshold and 8 MeV, whereas the muons also cause X∧Y coincidences but saturate the QDCs).
Finally, the last two rows in Table 1 show the rate of (P+D) signal pairs without any additional selection. A big number of these events for the unshielded detector arises from random coincidences caused by the high raw count rate. In the case of the shielded detector those are signals mainly from the fast neutrons. As expected, the number of these false neutrino-like events under the reactor becomes much lower than at the laboratory, but still differs from zero. The remaining part is mostly associated with the µ-veto and corresponds probably to secondary fast neutrons produced by cosmic muons in the surrounding heavy materials (Pb and Cu). This assumption was confirmed by measurements performed with different composition of the passive shielding. These data were analyzed under relatively strong requirements which correspond to the IBD signature:
• the time between the Prompt and Delayed signals must be within a reasonable range (T PD ∈ [1.5 − 30.0] µs);
• the Delayed signal should correspond to the Gd(n,γ) reaction, i.e., both the X and Y detector modules should be fired (X D ∧ Y D ) with a reasonable 3 total energy (
• the Prompt signal must also have an appropriate energy:
As a result, it was shown that 5 cm of copper in the close vicinity to the detector body without intermediate neutron moderator increase the number of false neutrino-like events associated with muons by a factor of 2, and 10 cm of lead increase it by a factor of 4.
Two of our measurement runs encountered interruptions in the reactor operation (OFF periods), so that it was possible to estimate background experimentally without the neutrino flux 4 . Figure 5 shows time diagrams of these runs. The lower parts of the diagrams show the actual reactor power measured with the external high-sensitive neutron counter installed near the outlet of the monitoring tube. Strong correlation between the reactor power and the number of the neutrinolike events detected with DANSSino is obvious.
Numerical values of these count rates, Signal-to-Background ratios, and muon-induced background rates are given in Table 2 , which describes the neutrino-like events detected with a low energy threshold E min p = 1.5 MeV. It can be seen from the table that intensities of the muon-induced background events do not differ significantly for the ON and OFF periods, which confirms the adequate operation of the acquisition system. A heavy shielding (5 cm of copper) without an inner moderator increases the background by ∼70% but also improves the efficiency 5 by ∼10%, returning part of escaped IBD neutrons back to the scintillator. 3 As the detector is small, significant part of the γ-cascade is not detected, and therefore the acceptable E D range is extended to the lower energy. 4 Actually, when the reactor stops, neutrinos are still emitted by the radioactive fission products [7] , but the decay energy of long-lived nuclei is low and those OFF neutrinos are not detected because of the energy threshold. 5 The efficiency here implies a probability to detect the IBD if it occurs. (8)+Pb (10) Cu (5)+CHB (8) Assuming that the OFF data correspond to a pure background, one can build an energy spectrum of IBD positrons as a difference of two: S=N ν (ON)-N ν (OFF). As an example, E P and T PD spectra built under an additional (X P ∧Y P ) requirement 6 are shown in Fig. 6 . In spite of poor statistics and merely illustrative character of the spectra, they are in a very good agreement with theoretical expectations 7 . The steeper slope of the false T PD time curve (upper) with respect to the 6 Otherwise, the low-energy part of the spectrum becomes polluted with random (γ-n) coincidences. 7 For example MC simulations with GEANT-4 predict 75 events/day for the run #044 while 70±5 events were ob- 
Summary
In spite of the small size and high edge effects, incomplete shielding and simplified acquisition system, DANSSino is able to detect reactor antineutrinos with the signal-to-background ratio about unity and the efficiency at a level of 10%, which is in good agreement with the MC simulations.
As the full-scale DANSS detector is of much larger volume, its response function is expected to be considerably better and efficiency significantly higher (≃70%) because of a lower relative contribution from the edge detector parts (fewer neutrons and γ-rays after n-capture in Gd would leave the sensitive volume without detection). Together with additional energy and space information from the individual photosensors, it will allow to suppress the background down to a negligible value. Operation of the detector at a shallow depth with overburden less than 10-20 m w.e. seems to be questionable, because cosmic ray neutrons cannot be tagged by the veto-system. They produce signatures very similar to IBD events but outnumber them by orders of magnitude.
A more detailed description of the detector and the data analysis (including description of the acquisition system and hardware triggers, MC simulations, comparison of the background conditions and different shielding composition) is being prepared and will be published soon.
